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We revisit the total scatterings (in terms of extinction, scattering and absorption cross sections) by
arbitrary clusters of nonmagnetic particles that support optically-induced magnetic responses. Our
reexamination is conducted from the perspective of the electromagnetic duality symmetry, and it is
revealed that all total scattering properties are invariant under duality transformations. This secures
that for self-dual particle clusters, the total scattering properties are polarization independent for any
fixed incident direction; while for non-self-dual particle clusters, two scattering configurations that
are connected to each other through a duality transformation would exhibit identical scattering prop-
erties. This electromagnetic duality induced invariance is irrelevant to specific particle distributions
or wave incident directions, which is illustrated for both random and periodic clusters.
I. INTRODUCTION
Similar to other widely explored symmetries of both
discrete and continuous natures [1], the electromagnetic
duality symmetry between electric and magnetic fields
plays an essential role across different disciplines of
physics, especially for fundamental studies in e.g. sin-
gular optics, gauge field theory and string theory [2–
7]. Though it is shown clearly that electromagnetic du-
ality can render great flexibilities for manipulations of
light-matter interactions [8, 9], such a symmetry still re-
sists to be widely employed for practical photonic appli-
cations, simply because such an employment requires
not only electric but also equally strong magnetic re-
sponses. Nevertheless, intrinsic magnetism is naturally
rare and weak, especially in higher frequency regimes,
which makes the barrier of the wide exploitation of the
duality symmetry in optics and photonics almost insur-
mountable [10].
A feasible solution to the aforementioned problem
comes from the central concept in the fields of meta-
materials and metasurfaces, that is optically-induced
magnetism originating from displacement currents in
nonmagnetic structures [11–13]. This core concept
has recently penetrated various branches of optics and
photonics, and spawned vibrant fields including all-
dielectric meta-optics and Mietronics, enabling numer-
ous optical device applications [14–17]. The merging of
optically-induced magnetism of nonmagnetic materials
with the electromagnetic duality symmetry would set
free duality principles and their applications from mag-
netic materials, which can potentially bring the electro-
magnetic duality symmetry to the masses of the optics
and photonics community [9, 18, 19].
In a previous study, we have blended optically-
induced magnetism and the duality symmetry to
∗ yuntian@hust.edu.cn
† wei.liu.pku@gmail.com
demonstrate how the angular scattering patterns are
invariant under duality transformations and how the
backward scatterings and the associated reflections of
infinite periodic structures can be eliminated when ex-
tra rotation symmetry is further exploited [19]. In this
work, in the same spirit, we shift our focus from direc-
tion dependent angular scattering patterns to integral
total scattering properties (including extinction, scat-
tering and absorption cross sections) of non-magnetic
particle clusters, and reveal that all those cross sections
are invariant under duality transformations. To be more
specific, clusters made of self-dual particles exhibit po-
larization independent total scattering properties for
any given incident direction; while for clusters consist-
ing of non-self-dual particles, the total scattering prop-
erties are identical for any two scattering configurations
that can be duality transformed into each other. Such
total scattering invariance has nothing to do with spe-
cific geometric distributions of the clusters, being the
clusters finite or infinite, random or periodic. Such ro-
bust scattering features may not only play significant
roles in fundamental scattering related studies involv-
ing electromagnetic dualtiy (such as topological and/or
non-hermitian photonics), but also find applications in
a wide range of optical devices that require optically sta-
ble functionalities.
II. DUALITY TRANSFORMATIONS FOR DIPOLAR
PARTICLES
In this work, we confine our studies to the plane wave
scatting in a homogenous background (vacuum in this
study) by clusters consisting of dipolar particles that
support electric dipole (ED) moment p and magnetic
dipole (ED) moment m (higher order multipolar mo-
ments are negligible). An electromagnetic duality trans-
formation for the fields and moments can be expressed
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Here E and H correspond to either incident or scattered
waves; and T (β) is the duality transformation matrix:
T (β) =
[
cosβ, −sinβ
sinβ, cosβ
]
, (2)
with a real transformation angle β. For the incident
plane wave and the scattered waves in the far field, E
and H are perpendicular (E ⊥ H) and then the dual-
ity transformation corresponds to a geometric rotation
of angle β along the wave propagation direction (unit
Poynting vector sˆ) Rˇsˆ(β) [19]. The same correspondence
is also applicable to the electric moment p and the mag-
netic moment m, as along as they are perpendicular to
each other.
When the dipolar responses of the scattering particles
to the exciting fields are fully isotropic, the fields and
moments are connected by [10, 19, 20]:(
p
m
)
=
[
αe, 0
0, αm
](
E
H
)
. (3)
Here αe and αm are scalars, corresponding respec-
tively to the electric and magnetic polarizabilities. For
isotropic dipolar particles characterized by Mie coeffi-
cients a1 and b1, the polarizabilities can be expressed as:
αe = 3i2k3 a1, α
m = 3i2k3 b1 [19, 21–23]. To guarantee that af-
ter the duality transformation, the duality-paired scat-
tering configuration still shows an isotropic response:(
p′
m′
)
=
[
α′e, 0
0, α′m
](
E′
H′
)
, (4)
at least one of the following conditions should be satis-
fied [9, 19]: (i) p = m (self-dual dipolar particle a1 = b1),
α′e,m = αe,m (or equivalently a1 = b1 = b′1 = a′1), and β
is arbitrary; (ii) p , m (non-self-dual dipolar particle
a1 , b1), α′e,m = αm,e (or equivalently a′1 = b1, b′1 = a1),
and β = pi/2. Basically, for non-self-dual particles, the
duality transformation would require the following Mie
coefficients change: (a1,b1)→ (b1, a1), meaning that the
particle is transformed to its dual-partner; in contrast,
the self-dual particle is kept as it is under the duality
transformation, as its dual-partner is itself.
III. TOTAL SCATTERING INVARIANCE UNDER
DUALITY TRANSFORMATIONS
Now we proceed to discuss how the total scattering
properties are preserved under duality transformations.
For an incident plane wave (fields are Ei and Hi ; wave
vector is ki) upon an arbitrary obstacle (could be single
particles or clusters), all the cross sections of extinction,
scattering and absorption can be extracted from the in-
cident and scattered fields (Es and Hs). To be specific,
the extinction cross section can be expressed as [23]:
σext =
1
Ii
"
Sext·eˆr dA, Sext = Re
(
Ei ×H∗s +Es ×H∗i
)
, (5)
where the incident irradiance is Ii = EiE∗i ; eˆr is the radial
unit vector along which light is scattered; ∗ denotes the
complex conjugation; Re means the real part; and A is a
closed spherical surface enclosing the obstacle. Accord-
ing to the optical theorem, the extinction cross section
can be further simplified as [23]:
σext =
4pi
k2
Re
[
E∗i ·F (k = ki)
]
, (6)
where k is the wave vector of the scattered wave and
k = |k|; F(k = ki) is vectorial scattering amplitude (nor-
malized by the incident electric field amplitude) [23].
Since both the incident field and the forward scattered
fields are transverse with E ⊥ H and propagating along
ki , a duality transformation simply corresponds to a ro-
tation along ki for both F(k = ki) and Ei . Then the ex-
tinction cross section after the duality transformation
would be
σ ′ext = 4pik2 Re
[
E′∗i ·F′ (k = ki)
]
=
4pi
k2
Re
[(
Rˇsˆ‖ki (β)Ei
)∗ · (Rˇsˆ‖ki (β)F (k = ki))] , (7)
which is obviously invariant: σ ′ext = σext, since the dot
product of two vectors is a constant regardless of the
orientation of the axis: E∗i · F (k = ki) =
(
Rˇsˆ‖ki (β)Ei
)∗ ·(
Rˇsˆ‖ki (β)F (k = ki)
)
.
The scattering cross section can be expressed as [23]:
σsca =
1
Ii
"
Ssca · eˆrdA, Ssca = 12 Re(Es ×H
∗
s) . (8)
In the far field, the scattered waves are transverse (Es ×
Hs) spherical waves with Ssca‖eˆr . In a similar fashion, it
is easy to prove that the scattering cross section is also
invariant σsca = σ ′sca under a duality transformation as:
E′s ×H′∗s =
(
Rˇsˆ‖eˆr (β)Es
)
×
(
Rˇsˆ‖eˆr (β)Hs
)∗
= Es ×H∗s. (9)
This is simply due to the fact that the cross product of
two perpendicular vectors is irrelevant to the in-plane
(perpendicular to eˆr ) axis orientations. The invariance
of both scattering and extinction cross sections would
directly lead to the invariance of absorption cross sec-
tion σabs, as σabs = σext − σsca according to the optical
theorem [23].
3IV. TOTAL SCATTERING INVARIANCE FOR FINITE
PARTICLE CLUSTERS
A. Self-dual particle clusters
After the theoretical analysis above, we now turn to
specific demonstrations with realist nonmagnetic parti-
cles. For arbitrary clusters consisting of self-dual dipo-
lar particles, it is shown in Section II that the parti-
cles are kept as they are under the duality transforma-
tion. The transformation of the incident and the scat-
tered fields correspond to a geometric rotation around
the propagating direction of an arbitrary angle β. This
directly guarantees that for any fixed incident direction,
all sorts of cross sections of the self-dual particle cluster
would be independent of the polarization direction.
To verify this polarization independent feature, we
utilize the self-dual metal (Ag)-dielectric (refractive in-
dex In=3.4) core-shell spherical particle that has been
widely studied in previous studies [19, 21–23]. The op-
tical constants of silver are adopted from the experi-
mental data in Ref. [24]. The scattering efficiency (scat-
tering cross section divided by the geometric section)
spectra, including both total scattering and those con-
tributed by ED (a1) and MD (b1), are shown in Fig. 1(a).
The particle is of inner radius R1 = 61 nm and outer ra-
dius R2 = 208 nm, as shown in the inset of Fig. 1(a).
It is clear that the particle is self-dual ( a1 ≈ b1) at the
resonant wavelength λA = 1449 nm, and thus termed as
D-Particle (here D means dual) throughout this work.
As the total scattering invariance is irrelevant to spe-
cific geometric distributions of the particles, we ran-
domly choose a cluster consisting of four D-particles
as shown in Fig. 1(b), and the position parameters are
detailed in the caption of Fig. 1. Two scenarios of differ-
ent incident directions (ki‖z and ki‖−x) are investigated,
and for each case the results (obtained with commercial
software COMSOL MULTIPHYSICS: www.comsol.com)
for three polarization directions are shown [Figs. 1(c)-
(f)]. In Fig. 1 and throughout this work, we show
only the results of extinction and scattering invariance,
which directly guarantee the invariance of absorption
according to the optical theorem. It is worth mention-
ing that the cross section invariance is observed for not
just the designed spectral position (λA = 1449 nm), but
rather across a broadband spectral regime, where the
D-particle can be also viewed approximately as self-
dual [see Fig. 1(a)]. It is worth mentioning that the
polarization-independent scattering features we have
shown here totally originate from the self-duality of
each consisting particle, and thus have nothing to do
with specific geometric distributions or incident direc-
tions. The same polarization-independent scattering
and absorption properties have also been achieved with
obstacles that exhibit composite mirror and rotation
symmetry Cnv (n ≥ 3) [25], which nevertheless imposes
rather stringent restrictions on the geometric distribu-
tions and the incident directions.
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FIG. 1. (a) Scattering eciency spectra (both total scattering
and partial dipolar contributions from ED and MD) for the
Ag core-dielectric (In=3.4) shell spherical particle ( R1 = 61
nm and R2 = 208 nm). The resonant position is marked at
λA = 1449 nm. (b) A randomly chosen particle cluster consist-
ing of four such particles, with three particles on the x-y plane
(one on the x axis and the other two with position vectors mak-
ing the same angle of 120◦ with respect to the x axis) and the
forth particle is placed at the z axis. The distances between the
particles and the coordinate origin are oa = 800 nm, ob = 1000
nm, oc = 1200 nm and od = 1100 nm. (c) and (d): The scatter-
ing and extinction efficiency for three polarization directions
(θ = 10◦, 50◦, 80◦ with respect to the x axis) when the inci-
dent plane wave is propagating along z axis. (e) and (f): The
efficiency for three polarization directions (θ = 10◦, 50◦, 80◦
with respect to the z axis) when the incident wave is propagat-
ing along -x axis.
B. Non-self-dual particle clusters
As has been discussed in Section II, compared to its
self-dual counterpart, the non-self-dual particle cluster
is strikingly different in the sense that the duality trans-
formation changes not only the fields but also the cluster
itself [19]. The scattering configuration before and af-
ter the transformation constitute a dual-pair, and if both
configurations show pure isotropic response, then only
the duality transformation of β = pi/2 is allowed [19].
This specific duality transformation would: (i) change
the incident wave to its orthogonal polarization state
with the incident direction fixed; (ii) transform the con-
sisting particles according to α′e,m = αm,e, and for dipo-
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FIG. 2. Scattering eciency spectra of (a) an E-Particle with
R1 = 78 nm and R2 = 122 nm, and (b) a M-Particle with
R1 = 40 nm and R2 = 140 nm. The two particles support re-
spectively pure ED and MD moments at the marked resonant
point λB = 984 nm. (c) and (d): The dual-paired congura-
tions with a duality transformation of β = pi/2 (swapping the
positions of E-Particles and M-Particles) with two different
incident directions (ki‖z and ki‖−x). The particle position pa-
rameters are the same as those in Fig. 1(b). (e) and (f): The
scattering and extinction efficiency for the incidence along z
with polarization angles chosen as θ = 30◦ in (c) and 120◦ in
(d). (g) and (h): The scattering and extinction efficiency for
another incidence along -x.
lar particles it is equivalent to a′1 = b1, b′1 = a1, mean-
ing a non-self-dual particle is transformed to its dual-
partner.
The simplest dual-partners would consist of an ED
particle (E-Particle: a1 , 0, b1 = 0) and its dual-partner
a MD particle (M-Particle: a′1 = 0, b′1 = a1). We show
the scattering eciencies of such dual-partners in Figs.
2(a) and (b): an E-Particle of R1 = 78 nm and R2 = 122
nm and a M-Particle with R1 = 40 nm and R2 = 140
nm. Both particles are made of Ag core and dielectric-
shell (In=3.4) and support either a pure ED or MD at
the common marked resonant wavelength λB = 984 nm.
Two dual-paired scattering configurations consisting of
E, M-Particles are shown in Figs. 2(c) and (d), where
the E(M)-Particles in Fig. 2(c) are replaced by their
dual-partnered M(E)-Particles. The overall cluster con-
figuration and the particle position parameters are the
same as those in Fig. 1(b). The extinction and scat-
tering efficiencies for two different incident directions
are summarized in Figs. 2(e)-(h), and for each direc-
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FIG. 3. Scattering eciency spectra of (a) an H1-Particle with
R1 = 77 nm and R2 = 214 nm, and (b) a H2-Particle with
with R1 = 28 nm and R2 = 220 nm. The two particles sup-
port both ED and MD moments at the marked resonant point
λC = 1560 nm. (c) and (d): The dual-paired congurations with
a duality transformation of α = pi/2 (swapping the positions
of H1-Particles and H2-Particles) with two different incident
directions (ki‖z and ki‖−x). The position parameters are the
same as those in Fig. 1(b). (e) and (f): The scattering and ex-
tinction efficiency for the incidence along z with polarization
angles chosen as θ = 20◦ in (c) and 110◦ in (d). (g) and (h)
The scattering and extinction efficiency for another incidence
along -x.
tion we have arbitrary chosen two orthogonal polariza-
tions (θ = 30◦ and 120◦) as required by β = pi/2. Sim-
ilar to what is shown in Figs. 1(c)-(f), the total scat-
tering invariance can be observed at not only the de-
signed spectral position, but across a relatively broad
spectral regime, where the two particles can be treated
approximately as dual-partners. In Figs. 2(g)-(h), the
scattering invariance breaking regime is clearly visible
(around λ = 1045 nm), where the two particles are not
dual-partners anymore.
The more general dual-partners would be hybrid par-
ticles that support both electric and magnetic moments
(a′1 = b1 , 0, b′1 = a1 , 0). We show the scattering ecien-
cies of such dual-partners in Figs. 3(a) and (b): a H1-
Particle of R1 = 77 nm and R2 = 214 nm and a H2-
Particle with R1 = 28 nm and R2 = 220 nm. Both parti-
cles are of Ag-core and dielectric-shell (In=3.4) and sup-
port both ED and MD moments at the resonant wave-
length λC = 1560 nm. Two dual-paired scattering con-
figurations consisting of H1, H2-Particles are shown
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FIG. 4. (a) A 1D lattice of D-Particles with period T =
1510 nm. Extinction and scattering efficiency spectra are
shown in (b) and (c) for a normal incidence (ki‖z) with po-
larization angle θ = 10◦, 30◦, 45◦, and in (d) and (e) for
an oblique incidence (φ =30◦) with θ = 0, 45◦, 90◦. The
marked point A corresponds to the resonant wavelength (λA =
1449 nm) of the D-Particle.
in Figs. 3(c) and (d), where the H1(H2)-Particles in
Fig. 3(c) are replaced by their dual-partner H2(H1)-
Particles. The cluster configuration and particle po-
sition parameters are the same as those in Fig. 1(b).
The extinction and scattering efficiencies for two differ-
ent incident directions are summarized in Figs. 3(e)-(h),
and for each direction we have arbitrary chosen two or-
thogonal polarizations (θ = 20◦ and 110◦). Similar to
what is shown in Figs. 1(c)-(f) and Figs. 2(e)-(h), for
the incidence along z axis, the total scattering invari-
ance can be observed across a relatively broad spectral
regime. While for the incidence along -x axis the scat-
tering invariance is generally broken. For both scenar-
ios, the total scattering invariance can be observed at the
designed wavelength λC = 1560 nm, where the two par-
ticles are strictly dual partners.
V. TOTAL SCATTERING INVARIANCE FOR INFINITE
PERIODIC LATTICES
A. Self-dual particle lattices
The principles we have revealed in Sections II and III
are applicable to not only finite particle clusters, but
also to clusters made of an infinite number of particles,
such as the periodic particle lattices that play essential
roles in various photonic applications. We start with a
one-dimensional (1D) self-dualD-Particle lattice shown
schematically in Fig. 4(a) with period T = 1510 nm.
A similar lattice has been studied in a previous study,
where it is shown that under normal incidence (incident
direction perpendicular to the lattice axis), the extinc-
tion efficiency spectra exhibit typical polarization inde-
pendent Fano resonances [26]. It was not understood
then but now well clarified in this work that such polar-
ization independence originates from the self-duality of
each consisting particle in the lattice. In Figs. 4(b)-(c) we
reproduce the spectra (for three arbitrarily chose polar-
ization angles θ = 10◦, 30◦, 45◦) of the normal incidence
ki‖z, and as expected the polarization independent Fano
resonances are observed in terms of both extinction and
scattering spectra. Here θ is the angle made by Ei with
respect to the x − z plane. Similar to what is shown in
Figs. 1(c)-(f), such independence is manifest not only
in the designed wavelength λA = 1449 nm, but rather
across a broad spectral regime. We make a step further
to show the spectra (for three arbitrarily chose polariza-
tion angles θ = 0, 45◦, 90◦) in Figs. 4(d)-(e) of an oblique
incidence (ki makes an angle of φ =30◦ with respect to
the x axis). Though the Fano resonances disappear when
the incident light is tilted [27], the polarization indepen-
dence feature is well protected by the electromagnetic
duality symmetry.
B. Non-self-dual particle lattices
As a next step, we extend the study to 1D lattices of
non-self-dual particles. Two 1D lattices (consisting of
E, M-Particles) that are dual-partners to each other are
shown in Figs. 5(a) and (b): the period T = 1020 nm; the
inter-particle distance within the unit-cell is d = 80 nm.
Extinction and scattering efficiency spectra are shown:
in Figs. 5(c) and (d) for a normal incidence (ki‖z), with
polarization angle θ = 20◦ and 110◦ for the configu-
rations in Figs. 5(a) and (b), respectively; in Figs. 5(e)
and (f) for a oblique incidence (φ =20◦), with polariza-
tion angle θ = 90◦ and 0 in Figs. 5(a) and (b), respec-
tively. The polarization directions are chosen arbitrarily
but are kept orthogonal to make sure the scattering con-
figurations in Figs. 5(a) and (b) constitute a dual-pair.
In a similar way, the extinction and scattering spectra
for another set of dual-paired 1D lattices (consisting of
H1, H2-Particles; T = 1520 nm; d = 50 nm) are summa-
rized in Figs. 6, including results of both normal and
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FIG. 5. (a) and (b): Two dual-paired 1D lattices consist of E, M-
Particles of T = 1020 nm and d = 80 nm. Extinction and scat-
tering efficiency spectra are shown: in (c) and (d) for a normal
incidence (ki‖z), with polarization angle θ = 20◦ and 110◦ for
the configurations in (a) and (b), respectively; in (e) and (f) for
an oblique incidence (φ =20◦), with polarization angle θ = 90◦
and 0 for (a) and (b), respectively. The marked point B corre-
sponds to the common resonant wavelength (λB = 984 nm) of
the E, M-Particles.
oblique incidences with two orthogonal polarizations
for the dual-paired scattering configurations. Figures. 5
and 6 can verify the invariance of total scattering prop-
erties under duality transformations, as shown by the
spectra overlap at the marked point B (λB = 984 nm) in
Fig. 5 and C (λC = 1560 nm) in Fig. 6.
VI. CONCLUSION
In conclusion, we have revisited, from the composite
perspectives of optically-induced magnetism and elec-
tromagnetic duality, the classical problem of plane wave
scatterings by nonmagnetic particle clusters of random
distributions. It is revealed that generally the total scat-
tering properties, including cross sections of extinction,
scattering and absorption, are all invariant under du-
ality transformations. For arbitrary clusters consisting
of self-dual particles, the total scatterings are polariza-
tion independent for any fixed incident direction, irre-
spective of how the particles are distributed; for clus-
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FIG. 6. (a) and (b): Two dual-paired 1D lattices consist of
H1, H2-Particles of T = 1520 nm and d = 50 nm. Extinc-
tion and scattering efficiency spectra are shown: in (c) and (d)
for a normal incidence (ki‖z), with polarization angle θ = 30◦
and 120◦ for the configurations in (a) and (b), respectively;
in (e) and (f) for an oblique incidence (φ =30◦), with polar-
ization angle θ = 90◦ and 0 for (a) and (b), respectively. The
marked point C corresponds to the common resonant wave-
length (λC = 1560 nm) of the H1, H2-Particles.
ters made of non-self-dual particles, the total scattering
properties are identical for two dual-paired scattering
configurations. Such scattering invariance are manifest
for both finite clusters and infinite lattices, which may
not only spawn practical applications in robust opti-
cal devices, but also render new insights for fundamen-
tal scattering-related studies, such as topological, non-
hermitian and quantum photonics.
In this study, we have investigated only particles that
support lowest order electric and magnetic dipoles, and
similar studies can certainly be extended to higher or-
der multipoles when self-dual Mie particles are char-
acterized by an = bn (n ≥ 2). For the demonstrations
with infinite periodic lattices, we have only shown the
results of 1D case, and for higher dimensional case the
total scattering invariance are surely preserved, as the
arguments presented in Sections II and III are valid re-
gardless of the dimension of the particle distribution.
Throughout this work, though we have employed only
the ideal core-shell spherical particles that can be ana-
lytically calculated, the principles revealed are generic
and can be applied for any structures that are more ac-
cessible experimentally.
We acknowledge the financial support from Na-
7tional Natural Science Foundation of China (Grant No. 11874026 and 11874426).
[1] R. P. Feynman, R. B. Leighton, and M. Sands, The Feyn-
man Lectures on Physics, Vol. I: The New Millennium Edi-
tion: Mainly Mechanics, Radiation, and Heat (Basic Books,
New York, 2011), 50th ed.
[2] C. W. Misner and J. A. Wheeler, “Classical physics as ge-
ometry,” Annals of Physics 2, 525–603 (1957).
[3] S. Deser and C. Teitelboim, “Duality transformations of
Abelian and non-Abelian gauge fields,” Phys. Rev. D 13,
1592–1597 (1976).
[4] A. Sen, “Electric-magnetic duality in string theory,” Nu-
clear Physics B 404, 109–126 (1993).
[5] K. Huang, Fundamental Forces of Nature: The Story of
Gauge Fields (World Scientific, 2007).
[6] M. Berry, Half-Century of Physical Asymptotics and Other
Diversions: Selected Works by Michael Berry (World Scien-
tific Publishing Company, Singapore, 2017).
[7] C.-T. Hsieh, Y. Tachikawa, and K. Yonekura, “Anomaly of
the Electromagnetic Duality of Maxwell Theory,” Phys.
Rev. Lett. 123, 161601 (2019).
[8] I. Fernandez-Corbaton, X. Zambrana-Puyalto, N. Tis-
chler, X. Vidal, M. L. Juan, and G. Molina-Terriza, “Elec-
tromagnetic Duality Symmetry and Helicity Conserva-
tion for the Macroscopic Maxwell’s Equations,” Phys.
Rev. Lett. 111, 060401 (2013).
[9] I. Fernandez-Corbaton and G. Molina-Terriza, “Role of
duality symmetry in transformation optics,” Phys. Rev.
B 88, 085111 (2013).
[10] J. D. Jackson, Classical Electrodynamics Third Edition (Wi-
ley, New York, 1998), 3rd ed.
[11] J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart,
“Magnetism from conductors and enhanced nonlinear
phenomena,” IEEE. T. Microw. Theory 47, 2075 (1999).
[12] W. Cai and V. M. Shalaev, Optical metamaterials : funda-
mentals and applications (Springer, New York, 2010).
[13] H.-T. Chen, A. J. Taylor, and N. Yu, “A review of meta-
surfaces: physics and applications,” Rep. Prog. Phys. 79,
076401 (2016).
[14] S. Jahani and Z. Jacob, “All-dielectric metamaterials,”
Nat. Nanotechnol. 11, 23–26 (2016).
[15] A. I. Kuznetsov, A. E. Miroshnichenko, M. L. Brongersma,
Y. S. Kivshar, and B. Luk’yanchuk, “Optically resonant
dielectric nanostructures,” Science 354, aag2472 (2016).
[16] W. Liu and Y. S. Kivshar, “Generalized Kerker effects in
nanophotonics and meta-optics [Invited],” Opt. Express
26, 13085–13105 (2018).
[17] R. Won, “Into the ‘Mie-tronic’ era,” Nat. Photonics 13,
585–587 (2019).
[18] A. Rahimzadegan, C. Rockstuhl, and I. Fernandez-
Corbaton, “Core-Shell Particles as Building Blocks for
Systems with High Duality Symmetry,” Phys. Rev. Ap-
plied 9, 054051 (2018).
[19] Q. Yang, W. Chen, Y. Chen, and W. Liu, “Electromagnetic
Duality Protected Scattering Properties of Nonmagnetic
Particles,” ACS Photonics (2020). arXiv:2004.00418.
[20] I. Sersic, C. Tuambilangana, T. Kampfrath, and A. F.
Koenderink, “Magnetoelectric point scattering theory for
metamaterial scatterers,” Phys. Rev. B 83, 245102 (2011).
[21] M. S. Wheeler, J. S. Aitchison, and M. Mojahedi, “Coated
nonmagnetic spheres with a negative index of refraction
at infrared frequencies,” Phys. Rev. B 73, 045105 (2006).
[22] W. Liu, A. E. Miroshnichenko, D. N. Neshev, and
Y. S. Kivshar, “Broadband unidirectional scattering by
magneto-electric core-shell nanoparticles,” ACS Nano 6,
5489 (2012).
[23] C. F. Bohren and D. R. Huffman, Absorption and Scattering
of Light by Small Particles (Wiley, 1983).
[24] P. B. Johnson and R. W. Christy, “Optical constants of the
noble metals,” Phys. Rev. B 6, 4370 (1972).
[25] B. Hopkins, W. Liu, A. E. Miroshnichenko, and Y. S.
Kivshar, “Optically isotropic responses induced by dis-
crete rotational symmetry of nanoparticle clusters,”
Nanoscale 5, 6395 (2013).
[26] W. Liu, A. E. Miroshnichenko, D. N. Neshev, and Y. S.
Kivshar, “Polarization-independent Fano resonances in
arrays of core-shell nanoparticles,” Phys. Rev. B 86,
081407(R) (2012).
[27] V. A. Markel, “Divergence of dipole sums and the na-
ture of non-lorentzian exponentially narrow resonances
in one-dimensional periodic arrays of nanospheres,” J.
Phys. B. Mol. Opt. 38, L115 (2005).
